Organ formation is an inherently biophysical process, requiring large-scale tissue deformations. Yet, understanding how complex organ shape emerges during development remains a major challenge. During fish embryogenesis, large muscle segments, called myotomes, acquire a characteristic chevron morphology, which is believed to play a role in swimming. The final myotome shape can be altered by perturbing muscle cell differentiation or by altering the interaction between myotomes and surrounding tissues during morphogenesis. To disentangle the mechanisms contributing to shape formation of the myotome, we combine single-cell resolution live imaging with quantitative image analysis and theoretical modeling. We find that, soon after its segmentation from the presomitic mesoderm, the future myotome spreads across the underlying tissues. The mechanical coupling between the myotome and the surrounding tissues is spatially varying, resulting in spatially heterogeneous friction. Using a vertex model, we show that the interplay of differential spreading and friction is sufficient to drive the initial phase of myotome shape formation. However, we find that active stresses, generated during muscle cell differentiation, are necessary to reach the acute angle of the myotome observed in wildtype embryos. A final ingredient for formation and maintenance of the chevron shape is tissue plasticity, which is mediated by orientated cellular rearrangements. Our work sheds a new light on how a spatio-temporal sequence of local cellular events can have a non-local and irreversible mechanical impact at the tissue scale, leading to robust organ shaping.
pling correlates with the chevron shape: As per-126 turbations to surrounding tissues and ECM alter the my-127 otome shape, we explored the mechanical coupling be-128 tween somites and surrounding tissues. We used 2D op-129 tic flow to quantify the cellular velocity fields inside the 130 somites (at different medial-lateral locations) and in the 131 adjacent notochord and neural tube, Fig. 2a -b, Methods. 132 We computed the averaged in-plane 2D velocity fields in 133 the medial-lateral (ML) axis, Supplementary Fig. 3 , as 134 the shear velocities along the ML axis were comparatively 135 small. 136 To gain insight into the physical coupling between tis-137 sues, we focused on relative tissue velocities. We primar- Lastly, we define a shear velocity V NT not between the no-148 tochord and neural tube, Fig. 2b . 149 Each of these shear velocities has distinct behaviour, and neural tube move concomitantly, Fig. 2c 
where A 0 (P 0 ) represents the preferred area (perimeter) of spreading we varied the target area of each cell A 0 : Our interpretation of the ASR field is that active elon-345 gation of slow muscle cells is maximal at somite S1, gen- mented passive cell rearrangements (Fig. 4d ). Due to 363 the shear forces emerging in the model, passive cellu-364 lar rearrangements are naturally oriented along the ASR 365 ( Fig. 4f ) indicating that the bulk somitic tissue has a 366 plastic-like behaviour [48] .
367
Experimentally, we observe that tissue flows do not 368 generate large cell deformations, Supplementary Fig. 8 we found only infrequent cell divisions during myotome 372 formation, with less than 10 % of cells dividing during 373 the whole process.
374
We explicitly show how cell rearrangements occur by 375 tracking cellular shapes in 3D inside S1, S2 and S3 inter-compartmental mixing, Supplementary Fig. 7b-c . 390 We note that it has been previously shown that using a 391 heat-shock inducible Tbx6, somite shape can be rescued 392 in tbx6 −/− embryos, showing that the chevron forma-393 tion is an emergent property, i.e. that it is not due to a 394 template mechanism [51]. Fig. 3b ; (ii) somite differential spreading 404 (Fig. 3c ) leads to a pressure gradient along the AP axis, 405 which, combined with the onset of a differential friction 406 along the DV axis (Fig. 3d ), leads to a buckling instabil-407 ity; and (iii) muscle fibre elongation further contributes 408 to buckling (Fig. 3e ), which trigger cell rearrangements 409 that maintain a stable chevron shape. Our 2D model in- somite, yet neglects cell heterogeneities within the fast-412 muscle cell population, Supplementary Fig. 8 193 (1991) .
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[43] S. Walcott and S. X. Sun, Proceedings of the National Figure 1 . The chevron architecture of the myotome emerges early after segmentation from the PSM (a) Sketch of a 21-somite zebrafish embryo. Red plane: transverse plane to the anterior-posterior direction. Two somites, at stages S1 and S3, are highlighted. (b) Sketch of a S3-stage somite (t ≈ 90 min post segmentation) in the transverse plane; dark blue (light green) cells are future slow (fast) muscle cells respectively. The dark and light blue planes represent the cross-sectional views shown in c and d. The notochord is at the centre (grey circle), with the neural tube located more dorsally. Ventral tissues not shown for clarity. (c-c') Cartoon of somite shape in transverse view (c, plane lying z = 8 µm from notochord) and underlying tissues (c', plane crossing the notochord, neural tube and ventral tissues. Inset shows shape of somites superimposed on underlying tissues. (d-d' ) Confocal images and superimposed contours of (d) somites and PSM (red lines) and (d') neural, notochord and mesoderm tissues (blue, green and yellow lines, respectively) at t = 0, 100, 300 min post segmentation from PSM for the central somite shown in first panel. (e) 3D evolution of somite shape after segmentation from PSM of a representative wildtype embryo shows spreading of somite in DV-axis and emergence of chevron shape at ∼ 150 min. (f ) Cross-sectional area and solidity (i.e. the ratio of the somite area over the area of its convex hull) of segmented somites for the most medial layer of future fast muscle fibres (as in d) as a function of time after segmentation. Shaded regions represents ±1s.d.. (g) Chevron angle (in degrees) in the layer of most medial future fast muscle fibres against number of slow muscle cells per chevron. Figure 3 . The chevron shape emerges in a vertex model incorporating somite spreading, differential friction and active stress. (a) Simulated geometry used in model. The number of simulated cells increases with time as new cells are progressively added from the tailbud region (highlighted by purple region); magenta (green) cells belong to somite number 2N (2N + 1) respectively. New somites appear at a velocity Vseg = 1 somite/(30 min). (b-e) Principle elements included within the vertex model: (b) Somite segmentation is implemented through an increased tension at the somite compartment boundaries. (c) Differential spreading is implemented through a wave of increased cellular pressure along the AP axis, leading to a spatial modulation of outward forces (black arrows). (c') Exponential increase in the somite target area as a function of time, based on experimental measurements. Grey curve (dark green) corresponds to first (last) somite formed in simulation (diamonds indicate timing of segmentation of specific somite from PSM, a). (c") Simulations with differential spreading only (i.e. homogeneous friction): somites do not buckle. (d) The vertex displacement (red arrow) is spatially modulated by an inhomogeneous friction coefficient ν, where ν = νNT = νLM for vertices over the neural tube and ventral tissues; and ν = νnot otherwise. (d') The ratio of friction between the somite and neural tube and the somite and notochord, implemented as a step function (related to Fig. 3e-f ). (d") Simulations with somite spreading and differential friction: somites fail to form a long-ranged sharp chevron shape. (e) An imposed bulk active stress σ (a) leads to elongation forces along the AP axis (black arrows). (e') Active stress is set to be maximal for each somite soon after segmentation, corresponding to slow muscle fibre elongation. (e") Simulations with active stress and differential friction (wildtype case): somites acquire a stable chevron shape. (f ) Comparison of experimentally measured chevron angle (Fig. 1g) with the angle measured for four simulation outcomes. Only the active stress level is varied from points 1 to 3 (all other parameters fixed), describing embryos treated with 50 µmol (1), 10 µmol (2) 
